Glycine-independent and subunit-specific potentiation of NMDA responses by extracellular Mg2+  by Paoletti, Pierre et al.
Neuron, Vol. 15, 1109-1120, November, 1995, Copyright © 1995 by Cell Press 
Glycine-lndependent and Subunit-Specific 
Potentiation of NMDA Responses 
by Extracellular Mg 2+ 
Pierre Paoletti, Jacques Neyton, 
and Philippe Ascher 
Laboratoire de Neurobiologie 
Ecole Normale Superieure 
46, rue d'UIm 
75005 Paris 
France 
Summary 
Extracellular Mg 2+ , which blocks NMDA channels in 
a voltage-dependent manner and increases the recep- 
tor's affinity for glycine, is shown here to potentiate 
NMDA responses at saturating glycine concentra- 
tions. This potentiation, induced by millimolar concen- 
trations of Mg 2*, is not mimicked by Ca ~+ and Ba 2+ and 
is voltage independent. The potentiation is variable in 
native receptors of cultured mouse central neurons; 
in recombinant receptors, it is "permitted" by the NR2B 
subunit and prevented by the NR1 splice variant con- 
taining an N-terminal insert. Mg 2÷ also induces a shift 
of the pH sensitivity of NMDA receptors. The similarity 
and nonadditivity of the effects of Mg 2÷ and spermine 
suggest that Mg 2÷ may be the physiological agonist 
acting at the subunit-specific spermine site. 
Introduction 
Extracellular Mg 2+ is known to inhibit N-methyI-D-aspartate 
(NMDA) responses at negative membrane potentials (Ault 
et al., 1980; Mayer et al., 1984; Nowak et al., 1984; see 
Ascher and Johnson, 1994), but recently, Wang and Mac- 
Donald (1995) discovered that, at positive potentials, Mg 2+ 
potentiates NMDA responses recorded in low glycine con- 
centrations. They showed that this potentiation is associ- 
ated with a marked increase of the affinity of the NMDA 
receptor for glycine, as revealed by a shift of the glycine 
concentration-response curves and a slowing of the cur- 
rent relaxation following a pulse of glycine applied on a 
background of NMDA. This effect of Mg 2+ resembled an 
effect of Ca 2+ previously observed by Gu and H uang (1994) 
at negative potentials, where the Mg 2+ effects could not 
be analyzed. Wang and MacDonald (1995) compared the 
potentiations produced by the two cations at positive po- 
tentials and found that the potentiation produced by Mg 2÷ 
was larger than that produced by Ca 2+ (both at 3 mM). 
In attempting to understand this difference, we devised 
experiments that measured separately the effects of three 
divalent cations (Mg 2+, Ca 2÷, and Ba 2+) on single-channel 
currents, on glycine affinity, and on the open probability 
of NMDA channels. We found that all three cations slow 
glycine dissociation and reduce the single-channel cur- 
rents recorded at positive potentials, an effect that was 
expected for Ca 2+ and Ba 2÷ (Jahr and Stevens, 1987, 1993; 
Ascher and Nowak, 1988) but not for Mg 2+. More impor- 
tantly, we found that the cause of the greater effect of 
Mg 2+ reported by Wang and MacDonald (1995) was a Mg 2+- 
specific potentiation due to an increase in open probability, 
observed in saturating glycine concentrations and not 
mimicked by Ca 2+ or Ba 2+. 
The results presented below are mostly concerned with 
the description of this new effect of Mg 2+. In its analysis, 
we initially used cultured neurons, in which the size of the 
potentiation was highly variable. We then investigated the 
potentiation in recombinant NMDA receptors and found 
that it depended on the subunit assembly expressed, and 
that the receptors potentiated by Mg 2÷ are those that can 
also be potentiated by spermine in the presence of saturat- 
ing glycine concentrations (Williams et al., 1994; Zhang 
et al., 1994). We also found that Mg 2+, like spermine, partly 
relieves the inhibitory effects of protons observed at physi- 
ological pH on these receptors (Traynelis et al., 1995) and 
that the potentiations produced by Mg 2+ and spermine 
(both applied at saturating concentrations) are not addi- 
tive. We thus suggest that Mg 2+ and spermine share a 
subunit-specific binding site on the NMDA receptor. 
Results 
A Glycine-lndependent Potentiation Is Produced 
by Mg =+ in Some Neurons 
The experiment illustrated in Figure 1 was performed in 
nucleated patches held at +50 mV (to avoid the voltage- 
dependent block by Mg2÷). NMDA responses were elicited 
by applying a pulse of glycine on a background of NMDA, 
in order to monitor changes in glycine affinity through 
changes in the relaxation rate of the current at the end 
of the glycine pulse. Glycine was applied at a saturating 
concentration (10 ~M), a condition under which the size 
of the total current should be insensitive to expected 
changes of glycine affinity and should reflect, at least in 
part, changes in single-channel current size. Responses 
recorded in 0.2 mM Ca 2+ were compared with those re- 
corded in solutions containing 10 mM Mg 2+, 10 mM Ca 2+, 
or 10mM Ba 2+. 
For Mg 2+, a slowing of the off-relaxation was observed, 
in agreement with the results of Wang and MacDonald 
(1995). The effects of Mg 2+ on the single-channel current 
had not been studied previously, but we expected either 
a reduction (as for Ca 2+ or Ba 2+) or no change, and conse- 
quently a decreased or unchanged whole-cell current. Un- 
expectedly, in some cells, Mg 2+ substantially potentiated 
the total response (Figure 1A). This was in sharp contrast 
with what was observed for Ca 2+ and Ba2+: a slowing of 
the off-relaxation associated with a reduction of the total 
current (Figures 1B and 1C). 
These experiments uggested that in some neurons ex- 
tracellular Mg 2+ produces a potentiation that is not the 
result of a changed glycine affinity. This potentiation is 
not mimicked by the two other divalent cations. To analyze 
it in more detail, we had to separate possible changes of 
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Figure 1. Mg 2" Potentiates NMDA Responses at Saturating Glycine 
and at Positive Potentials 
All traces are from a single nucleated patch excised from a neuron. 
Each trace represents an individual response to a 2 s pulse of glycine 
(10 pM) on a background of NMDA (30 p.M). The left traces are control 
responses (0.2 mM Ca2+), obtained at different times after excision 
(note the increasing desensitization with time). The glycine-induced 
current is increased by 10 mM Mg 2÷ (A), while it is inhibited by Ca 2+ 
(B) and Ba 2~ (C). All three divalent species markedly slow the off- 
relaxation of the current. Holding potential was +50 mV. 
the single-channel current amplitude from changes in 
open probability. 
Mg 2÷, like Ca 2+ and Ba 2+, Reduces the 
Single-Channel Current Recorded 
at Positive Potentials 
Visual inspection of the records of Figure 1A suggested 
that the variance of the noise of the NMDA-induced cur- 
rents is lower in Mg 2+, despite the fact that the total current 
is increased. In conditions where the open probability is 
low, this indicates a reduction of the single-channel current 
(Ascher et al., 1988). Direct evidence of this reduction was 
obtained in experiments in which the single-channel cur- 
rents induced by NMDA were recorded in outside-out 
patches at potentials between +20 and +80 mV in Mg 2÷- 
free and 10 mM Mg 2+ solutions. As illustrated in Figure 
2A, Mg 2÷ reduced the single-channel current amplitude at 
all the potentials tested. The effect resembles that de- 
scribed previously for Ca 2+ and Ba 2+ at positive potentials 
(Jahr and Stevens, 1987, 1993; Ascher and Nowak, 1988). 
However, Mg 2+, in contrast o Ca 2+ and Ba 2+, does not shift 
the reversal potential of the NMDA response (Jahr and 
Stevens, 1990; also see Figure 7C). Quantitatively, the 
reduction of the single-channel current at +50 mV was 
slightly less marked for Mg 2+ than for Ca 2÷ and Ba 2+ (Figure 
2B). The ratios of the currents in 10 mM Mg 2+, Ca 2+, and 
Ba 2+ over the control currents were 0.71 -4- 0.02 (n = 15), 
0.59 _ 0.01 (n = 3), and0.53 _+ 0.02(n -- 3), respectively. 
Figure 2C illustrates the concentration dependence of 
the inhibitory effect of Mg 2÷. Single-channel amplitudes 
were 2.93 _ 0.15 pA (Mg2+-free; n = 5), 2.61 _4- 0.16 pA 
(2 mM Mg2+; n = 5), 2.38 _.+ 0.13 pA (5 mM Mg2+; n = 4), 
and 2.10 _ 0.12 pA (10 mM Mg2+; n = 5). 
Mg 2+, Ca 2+, and Ba 2+ All Slow Glycine Dissociation 
from the NMDA Receptor 
The demonstration by Gu and Huang (1994) and Wang 
and MacDonald (1995) that both Ca 2+ and Mg 2+ increase 
the affinity of the NMDA receptor for glycine was derived 
from the analysis of the responses to step changes in the 
concentration of glycine and from the observation of a shift 
of the ECs0 of the concentration-response curves. At a 
concentration of a few millimolar, both cations increased 
both the glycine affinity and the time constant of the glycine 
off-relaxation, %,, by a factor of 2-3. There was also an 
increase in Too. The changes in To, and %° were well de- 
scribed by a simple model in which the glycine affinity 
increase produced by Mg 2+ or Ca 2÷ resulted from a reduc- 
tion of the rate of dissociation of glycine from its binding 
site. Both groups concluded that, in experiments using 
glycine concentration steps, 1/%, is an accurate index of 
the glycine affinity. 
To compare the changes of glycine affinity produced by 
Mg 2÷, Ca 2+, and Ba 2+, we measured the relaxations at the 
end of glycine pulses in nucleated patches. These relax- 
ations were often multiexponential, partly because with 
time the off-relaxation tends to become distorted by desen- 
sitization (Sather et al., 1992) and partly because many 
receptor subtypes with different glycine affinities may co- 
exist in a given neuron (Audinat et al., 1994). Nevertheless, 
as illustrated in Figure 3, this analysis showed the contrast 
between the two effects of Mg2+: the glycine-independent 
potentiation, which is very variable from neuron to neuron 
(compare Figures 3A and 3B) and not mimicked by Ca 2÷ 
and Ba 2÷, and the increase in glycine off-rate, which is 
observed in all cases, and which is similar for the three 
divalent cations (Figure 3C). 
The Glycine-lndependent Potentiation Produced 
by Mg 2+ 
Knowledge of the single-channel current reduction in- 
duced by Mg 2+ at positive potentials enabled us to correct 
the macroscopic urrent amplitudes for this reduction and 
thus calculate the underlying change of open probability 
of the NMDA channel. 
Nucleated patches were used to estimate the depen- 
dence of the glycine-independent potentiation on the Mg 2+ 
concentration. The change in open probability (NPo in 
Mg2+/NPo in control, noted Q(NPo)) was calculated by divid- 
ing the change in the peak current (IMg/Icontrol) by the change 
in elementary current (iMg/icon,,o~) measured in separate ex- 
periments (see Figure 2). The resulting concentration- 
response curve (Figure 4A) was well fitted with a Hill equa- 
tion, using a Hill coefficient of 1.1. The estimated KMg was 
2.0 mM, a value close to the physiological concentration 
of extracellular Mg 2+. 
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Figure 2. Mg 2÷, like Ca 2. and Ba 2*, Reduces the NMDA Single-Channel Current at Positive Potentials 
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Data are from outside-out patches excised from neurons. NMDA and glycine were applied at 2 and 10 ~M, respectively. 
(A) Single-channel current-voltage relation in the absence of Mg ~+ (0.2 mM Ca2÷; control) and in the presence of 10 mM added Mg 2+. The control 
curve was slightly rectifying: the chord conductances are 65 pS at negative potentials and 56 pS at positive potentials. The chord conductance 
in Mg ~÷ is 41 pS at +50 mV. 
(B) All three divalent species reduce the single-channel current at +50 mV. Mg 2*, Ca 2+, and Ba 2÷ were applied at 10 mM. Mean values are quoted 
above each histogram bar. 
(C) Mg 2" inhibits single-channel currents in a concentration-dependent manner. Holding potential was +50 mV. 
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Figure 3. Mg 2+, Ca 2÷, and Ba 2÷ Increase the Affinity of the NMDA Receptor for Glycine 
Relaxation kinetics following a 2 s glycine (10 p.M) pulse on a background of NMDA (30 ~M) were analyzed in nucleated patches obtained from 
neurons. The decay of the current was fitted by a single exponential function, with a time constant %.. The potentiation factor Q(NPo) was calculated 
by correcting the peak current amplitude change for the single-channel current decrease. Holding potential was +50 mV. 
(A and B) Left panels: superimposed traces recorded in the control solution (0.2 mM Ca 2÷) and in the presence of 10 mM Mg 2+. Right panels: the 
off-relaxations are shown on an expanded time scale and after normalization to the steady-state value; exponential fits are superimposed. (A) 
shows an example with a marked potentiation by Mg 2* (2.6-fold). Each trace is the average of two responses. To~ was 482 ms in control and 1278 
ms in Mg 2.. (B) shows an example with little Mg 2+ potentiation (1A-fold), but with a slowing of the decay rate similar to that in (A) (from 391 to 
1281 ms). Each trace is the average of four responses. 
(C) All three divalent ion species increase the glycine %,. Each divalent ion was applied at 10 raM. Mean values and number of experiments are 
indicated above each histogram bar. Error bars represent SEM The time constants in the three divalent cation conditions are not significantly 
different (p > .25, F test), but each is significantly different from the control (p < .001, t test). 
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Figure 4. Properties of the Glycine-lndependent Potentiation Produced by Mg 2. 
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(A) Potentiation of NMDA currents recorded at +50 mV as a function of the extracellular Mg 2+ concentration. The data were pooled from seven 
nucleated patches excised from neurons. For each Mg 2+ concentration, the potentiation factor Q(NPo) was calculated by correcting the peak current 
change for the corresponding decrease in single-channel current. The curve was fitted with the equation y = 1 + lyre,x/[1 + (KMg/[Mg2+])~]I, where 
y is the potentiation factor and n is the Hilt coefficient. The estimated KMg, n, and y~ax were 2.0 mM, 1.1, and 1.3, respectively. 
(B and C) Single-channel currents were recorded at +50 mV from outside-out patches excised from neurons. Patches were continuously superper- 
fused with 2 I~M NMDA and a saturating concentration of glycine (10 I~M), with or without 10 mM added Mg 2+. 
(B) All-points amplitude histograms in the absence and presence of Mg 2+ from an outside-out patch with multiple openings. Mg 2+ increased NPo 
from 0.66 to 2.13. A Poisson distribution is superimposed on each histogram (with m = 0.66 in control and m = 2.13 in Mg2+). Data were acquired 
at 5 kHz and filtered at 2 kHz. The histogram was obtained from 26 s of recording in control conditions and 53 s in Mg ~+. 
(C) Elementary currents recorded from a different outside-out patch. In this patch, NPo was increased 3.3-fold by Mg 2+, an effect mostly due to 
the increase in burst duration (from 11 ms in control to 46 ms in Mg2+). For the illustration, the data were filtered at 300 Hz. 
In outside-out patches, the changes of single-channel 
current and open probability could be measured indepen- 
dently in the same experiment. Glycine was applied at a 
saturating concentration (10 pM) and NMDA usually at 2 
I~M. Whereas in all patches the single-channel current was 
reduced by Mg 2+ (see Figure 2), the changes in open prob- 
ability, Q(NPo), varied from one patch to another, as for 
nucleated patches (see Figu re 5C). On average, the poten- 
tiations by 10 mM Mg 2+ observed in outside-out patches 
were in the same range (Q(NPo) = 2.6 4- 1.5, mean 4- 
SEM; n = 12) as those obtained in nucleated patches. 
Figure 4B illustrates an example in which many simulta- 
neous openings of NMDA channels were observed. The 
amplitude histograms, obtained before and after the addi- 
tion of 10 mM Mg 2+ to the extracellular"standard" solution, 
show that four levels could be recognized in the control 
and seven levels in the presence of Mg 2+. The relative 
amplitudes of the peaks in the two histograms were well 
described by a Poisson equation, a result that suggests 
but does not prove (Yeramian et al., 1986) that the chan- 
nels are independent. In the patch analyzed, the value 
of NPo increased from 0.66 to 2.13, i.e., by a factor 
Q(NPo) = 3.2. 
Figure 4C illustrates the effect of 10 mM Mg 2÷ in another 
patch where the initial level of activity was lower than in 
Figure 4B. The potentiation produced by Mg 2+ in this patch 
was comparable to that measured in the preceding case, 
since NPo increased from 0.03 to 0.1, i.e., by a factor 
Q(NPo)= 3.3. The potentiation was largely reversible 
since, after washing Mg 2~, the value of NPo returned to 
0.04. The nearly complete absence of simultaneous open- 
ings made it possible to evaluate some of the kinetic pa- 
rameters of the channel activity, in particular the mean 
burst duration, which increased from 11 to 46 ms. Similar 
measurements performed on ten outside-out patches 
gave a mean Q(NPo) value of 2.6 4- 1.6. The control burst 
duration was 26 4- 6 ms (mean 4- SEM). It increased to 
73 4- 14 ms in 10 mM Mg 2+. This increased burst duration 
accounts for most of the potentiation by external Mg 2÷ of 
the NMDA currents recorded in outside-out patches. 
The Glycine-lndependent Potentiation Is Highly 
Variable in Neurons and Seen Only in Certain 
Recombinant Receptors 
The potentiation produced by Mg 2+ in the presence of satu- 
rating glycine showed a large variability from one neuron 
to another. While in a few cells the net potentiation reached 
a factor of >2, in most cells it was smaller, and in some 
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Figure 5. The Glycine-lndependent Potentiation of the NMDA Response by Mg 2* Is Subunit Specific 
Recombinant receptors were expressed in HEK cells. NMDA responses were elicited by applying a glycine-containing solution (saturating glycine 
concentrations) on an NMDA background (30 p.M). Holding potential was +50 mV. 
(A) NRI-la/NR2A subunit combination. Each trace is the average of five responses recorded in the control solution (0.2 mM Ca 2+) or in 10 mM 
Mg 2÷. The decreased current in Mg 2+ can be explained by the decrease in single-channel amplitude (see text). Glycine was applied at 100 p.M. 
(B) N R1-1 a/NR2B subunit combination. Mg 2÷ potentiates the NM DA responses of this receptor subtype. Each trace is the average of three responses. 
Glycine was applied at 10 I~M. Note the marked difference of the glycine off-rate between the two receptor subtypes. The slowing by Mg 2+ was 
found in both cases (see text). 
(C and D) The changes in open probability induced by 10 mM Mg 2+, Ca 2÷, or Ba 2÷ were compared in neurons (N) and in recombinant receptors. 
The potentiation factor Q(NPo) was calculated by correcting the whole-cell current change for the single-channel current change. 
(C) Comparison of the Mg 2÷ effect in neurons (n = 26) and in NRI-la]NR2A (n = 10) and NRI-la/NR2B (n = 6) receptor subtypes. Each circle 
corresponds to the potentiation factor obtained from one experiment. 
(D) Mean changes of open probability induced by Mg 2÷ (left). Ca ~+ (center), or Ba 2÷ (right) in NRI-1 a/NR2A-expressing cells, neurons, and NRI-laJ 
NR2B-expressing cells. Same ordinate as in (C). The value of Q(NPo) in Mg 2÷ with NRI-la/NR2A receptors is not significantly different from 1 
(p > .25, t test). 
cells there was actually a slight reduction of the total cur- 
rent. When the changes in open probability were consid- 
ered (obtained after correcting the currents for the sin- 
gle-channel current reduction), all neurons showed a 
potentiation by 10 mM Mg 2+, but the factors of potentiation 
ranged from 1.2 to 3.2 (Figure 5C). 
A possible explanation for the variabil ity of the potentiat- 
ing effect of Mg 2÷ is that Mg 2÷ acted differently on the differ- 
ent NMDA receptor subtypes that are known to coexist in 
primary cultures of neurons (Williams et al., 1993; Audinat 
et al., 1994). To evaluate this hypothesis, we analyzed the 
effects of Mg 2÷, Ca 2÷, and Ba 2+ on recombinant NMDA 
receptors expressed in HEK 293 cells and in Xenopus 
laevis oocytes. We initially examined two types of subunit 
assemblies: N R I - la /NR2A and NRI - la /NR2B.  For exper- 
iments at positive potentials, HEK cells had to be used 
because oocytes cannot be easily held at +50 mV for long 
periods without activating endogenous conductances. On 
the other hand, owing to their larger currents, oocytes were 
more convenient for experiments conducted at negative 
potentials, where the voltage-dependent block by Mg 2÷ 
makes the detection of residual currents more difficult in 
HEK cells. 
We first studied the effects of the three divalent ion spe- 
cies on the single-channel currents recorded in outside-out 
patches from HEK cells. For the two subunit pairs, the 
single-channel currents recorded at +50 mV were of a size 
similar to that of native receptors, both in control conditions 
(0.2 mM Ca2+; NRI - la /NR2A,  2.8 _+ 0.2 pA [n = 4]; 
NR I - la /NR2B,  2.9 _+ 0.1 pA [n = 8]) and after addition 
of 10 mM Mg 2+ , Ca 2÷, or Ba 2÷ , where the ratio of the outward 
currents in high divalents over control were 0.74 _ 0.04 
(Mg2÷; n = 4), 0.59 (Ca2+), and 0.51 (Ba 2÷) for NR I - la ]  
NR2A, and 0.69 _+ 0.02 (Mg2+; n = 7), 0.57 (Ca2÷), and 
0.46 (Ba 2÷) for NR I - la /NR2B.  
In whole-cell experiments performed at +50 mV, we ana- 
lyzed the current relaxation at the end of a glycine pulse 
and found that the three divalent ions all stow the glycine 
dissociation from recombinant receptors. For NRI - la J  
NR2A, the values of ~o, were 61 _+ 27 ms (n = 5) in control 
(0.2 mM Ca 2÷) and 120 _+ 53 ms (n = 9), 122 _+ 47 ms 
(n = 4), and 145 _ 56 ms (n = 4) in 10 mM Mg 2+, Ca 2÷, 
and Ba 2÷, respectively. For N R1-1 a/NR2B, the values were 
417 _+ 119 ms(n  = 6) in control, 1035 _+ 155 ms(n  = 
5) in 10 mM Mg 2+, and 1259 _ 361 ms (n = 4) in 10 
mM Ca 2÷. The time constants recorded in control solutions 
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were clearly smaller for NRI-la/2A than for NRI-la/2B 
receptors, in agreement with the lower glycine affinity of 
the former (Kutsuwada et al., 1992; Kuryatov et al., 1994). 
In some cells expressing NRI-la/NR2A subunits, we re- 
placed the protocol used in the experiments of Figures 1 
and 3 by one in which we compared the responses to 
glycine pulses at low (1 #M) and saturating (100 #M) con- 
centrations (the ECs0 for glycine for the NRI-la/NR2A re- 
ceptor is close to 2 p_M; Kutsuwada et al., 1992; Kuryatov 
et al., 1994). The ratio of the amplitudes of the responses 
recorded in high and low glycine was 11.3 - 3.8 (n = 6) 
in control (0.2 mM Ca2+), 5.9 -.+ 2.3(n = 6)in 10 mM Mg 2+, 
5.2 _ 2.1 (n = 6) in 10 mM Ca 2+, and 4.0 _.+ 1.0 (n = 4) 
in 10 mMBa 2+. This result is an additional confirmation 
that the effects of the three divalent cations on glycine 
affinity are similar on recombinant NMDA receptors. 
These observations indicated that, in the two recombi- 
nant receptors, Mg 2+ induces similar reductions of the sin- 
gle-channel current at +50 mV and similar changes of 
glycine affinity. In contrast, distinct effects were observed 
when we analyzed the responses of these recombinant 
receptors to pulses of glycine at saturating concentrations 
(100 p_M for NRI-la/NR2A and 10 #M for NRI-la/NR2B; 
see Kutsuwada et al., 1992; Kuryatov et al., 1994). Mg 2+ 
inhibited the responses obtained with NRI-la/NR2A (Fig- 
ure 5A), while it systematically potentiated the responses 
of the NRI-la/NR2B combination (Figure 5B). Figure 5C 
shows that the values found for the two types of recombi- 
nant receptors are clearly bunched at each end of the wide 
range of values covered by native receptors. This suggests 
that the variability of the potentiation observed in native 
receptors reflects the subunit composition heterogeneity 
(see Discussion). 
Figure 5D summarizes the mean changes of open prob- 
ability produced by the three cations. For Mg 2+ (Figure 5D, 
left graph), the value of Q(NPo) was 1.04 _.+ 0.16 (n = 
10) for NRI-la/NR2A channels, 2.99 _+ 0.55 (n = 6) for 
NRI-la/NR2B channels, and 2.13 + 0.58 (n = 26) for 
native receptors. Ba 2+ and Ca 2+, in contrast to Mg 2+, do 
not differentiate between the recombinant and native re- 
ceptors (Figure 5D, center and right graphs). The changes 
in the open~robability for Ca 2+ were 1.16 _.+ 0.35 (n = 
4) for NRI-la/NR2A, 1.08 _+ 0.22 (n = 6) in neurons, 
and 0.95 -+ 0.01 (n = 4) for NRI-la/NR2B. For Ba 2+, the 
corresponding values were 0.73 _+ 0.09 (n = 4), 0.75 _+ 
0.09 (n = 6), and 0.86 (n = 1). Thus, whereas the effects 
of Ca 2+ on the global current are almost entirely accounted 
for by the reduction of the single-channel current, the ef- 
fects of Ba 2+ seem also to involve a reduction in open 
probability. This last effect was not characterized further. 
The Mg 2+ Potentiation Is Voltage Independent 
All the experiments presented above were performed at 
positive potentials in order to avoid the voltage-dependent 
Mg 2+ block of NM DA currents. To test whether this potenti- 
ation was also present at more physiological membrane 
potentials, we compared the N MDA currents recorded dur- 
ing voltage ramps in the absence of Mg ~+ and after addition 
of Mg 2+ at a physiological concentration (2 m M). The exper- 
iments were performed on Xenopus oocytes. To maximize 
the NMDA currents, L-glutamate was preferred to NMDA 
and applied at a saturating concentration (100 I~M). When 
oocytes expressing NRI-la/NR2A or NRI-la/NR2B re- 
ceptors were compared, only the latter displayed a Mg 2÷ 
potentiation in the positive voltage range (Figures 6A and 
6B). The records also showed that the difference between 
the two receptors extended into the negative potential 
range. The NMDA currents carried by NRI-la/NR2B 
appeared less inhibited by Mg 2+ than those carried by 
NRI-la/NR2A receptors at negative potentials. Since 
such a difference is not observed with low concentrations 
of Mg 2+ (Kutsuwada et al., 1992), it is likely to reflect the 
superposition, in the case of NRI-la/NR2B, of a Mg 2+ 
block identical to that of NR1 -la/NR2A and a Mg 2÷ potenti- 
ation absent in NRI-la/NR2A. if one assumes that the 
only difference between the two receptors is the presence 
of the Mg 2+ potentiation, the size of this potentiation can 
be calculated by dividing the ratio IMJIo (see Experimental 
Procedures for definition) obtained for NRI-la/NR2B by 
the corresponding value obtained for NRI-1 a/NR2A. The 
result, illustrated in Figure 6C, shows that the potentiation 
by Mg 2+ was largely voltage independent over the voltage 
range tested (from -50 to +50 mV). Its mean value was 
2.55 _ 0.13 in the negative voltage range (from -50 to 
-8  mV) and 2.46 _ 0.07 in the positive voltage range 
(from +8 to +50 mV) (three pairs of cells). 
Glycine-lndependent Potentiation by Mg 2+ 
Probably Involves the Same Site as 
Glycine-lndependent Potentiation by Spermine 
NRI-la/NR2A and NRI-la/NR2B receptors are known to 
differ in their sensitivity to spermine. Extracellular sperm- 
ine has multiple effects on NMDA responses (see Discus- 
sion), and one of these effects--a potentiation observed 
in the presence of saturating glycine concentrations and 
characterized in neurons as highly variable (Benveniste 
and Mayer, 1993)--was recently shown to be subunit spe- 
cific in NMDA recombinant receptors. Present in hetero- 
meric receptors such as NRI-la/NR2B, in which it was 
shown to be voltage independent (Williams et al., 1994), 
this potentiation isabsent in all combinations where NR2A 
replaces NR2B, leading to the suggestion that NR2B is a 
"permissive" subunit (Williams et al., 1994; Zhang et al., 
1994). In NRI/NR2B heteromeric receptors, the potentia- 
tion by spermine is absent if the NR1 subunit contains 
a 21 amino acid N-terminal exon, known as exon 5, the 
presence of which defines the NR1 splice variant NRI- lb 
(Williams et al., 1994; Zhang et al., 1994). Finally, recent 
observations have established a strong correlation be- 
tween the subunit specificity of the pH sensitivity of NMDA 
receptors and that of the glycine-independent spermine 
potentiation. Traynelis et al. (1995) observed that a large 
fraction of the glycine-independent potentiation produced 
by spermine in N R1-1 a./N R2B receptors is due to the relief 
of the proton inhibition of the NMDA responses seen at 
physiological pH. Moreover, some mutations of the NR1 
subunit modify both the glycine-independent spermine po- 
tentiation and the IC~0 value of the inhibition of NMDA 
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Figure 6. Mg 2. Potentiation is Voltage Independent 
Voltage ramps were applied in Xenopus oocytes expressing NRI-la/ 
NR2A or NRI-la/NR2B receptors, in the absence or presence of 2 
mM Mg ~'. Current-voltage curves corresponding to the leak currents 
were subtracted from those obtained during steady applications of 
100 ~.M L-glutamate and 100 ~M glycine. 
(A) Current-voltage curves for NR 1-1 aJNR2A receptors. The decrease 
of the current in Mg 2+ at positive potentials is expected from the reduc- 
tion of the single-channel current (see Figure 2A). 
(B) Current-voltage curves for NRI-laJNR2B receptors. 
(C) The glycine-independent Mg 2' potentiation is almost constant over 
the voltage range studied. The data were extracted from (A) and (8). 
The graph was obtained by determining the ratio (lu~/Io)2B/(IMg/Io)2A, 
where IM e is the current in 2 mM Mg 2+, Io is the current in the absence 
of Mg 2~, and 2B and 2A refer to NRI-la/NR2B and NRI-la/NR2A 
receptors, respectively. The calculation assumes that the single- 
channel decrease and the voltage-dependent block induced by Mg 2. 
are similar in the two receptors (see Experimental Procedures). The 
mean potentiation factor is 2.43 for negative potentials (from -50 to 
-8 mY) and 2.39 for positive potentials (from 48 to +50 mV). 
responses produced by protons (Sullivan et al., 1994; 
Traynelis et al., 1995). 
These observations suggested a link between the sub- 
unit-specific effects of Mg ~+, spermine, and H +. We per- 
formed three additional sets of experiments to reinforce 
this link. We first studied in HEK 293 cells the effects of 
Mg 2÷ on the NRI - lb /NR2B recombinant receptors (com- 
bining the permissive NR2B subunit and the suppressive 
exon 5-containing NR1 subunit). We found that Mg 2+, ap- 
plied at 10 mM and at a membrane potential of +50 mV, 
reduced the NMDA whole-cell current induced by glycine 
at a saturating concentration (Figure 7A). Assuming that 
Mg 2÷ reduces the single-channel current by the same 
amount as in other receptors (i.e., a ratio of the current 
in Mg 2+ over the current in control of 0.7), we calculated 
that Mg 2+ in NRI - lb /NR2B receptors does not produce a 
glycine-independent potentiation (Q(NPo) = 0.9 t 0.1; 
n = 5; not significantly different from 1, t test, p > .25). 
In a second series of experiments, we tested the predic- 
tion that the partial relief of proton inhibition of the NMDA 
responses by spermine is mimicked by Mg 2+. By studying 
NMDA responses at -25  mV in Xenopus oocytes express- 
ing the NRI - la /NR2B receptors, we showed that a phys- 
iological concentration of Mg 2+ (2 mM) shifts the pH-  
response curve toward a more acidic pH (Figure 7B). 
Further evidence for a common mechanism of action 
of Mg 2÷ and spermine was obtained by testing the additivity 
of the glycine-independent potentiations produced by 
spermine and Mg 2+. Voltage ramps were applied in Xeno- 
pus oocytes expressing the NRI - la /NR2B receptors in 
control conditions, in the presence of Mg 2+ (10 raM) or 
spermine (3 mM), and in the presence of both spermine 
and Mg 2+. The concentrations of spermine and Mg 2+ were 
close to those producing maximal potentiations (for sperm- 
ine, see Benveniste and Mayer, 1993). As shown in Figure 
7C, at +50 mV the net current observed in the presence 
of spermine was identical to that observed in the presence 
of spermine and Mg 2+. Knowing, from outside-out experi- 
ments, that the ratios at +50 mV of the single-channel 
current in test conditions over the single-channel current 
in control were 0.71 _+ 0.02 (Mg2~; n = 15), 0.69 ± 0.03 
(spermine; n = 4), and 0.60 _+ 0.03 (spermine plus Mg2+; 
n = 4), we quantified the absence of additivity by calculat- 
ing Q(NPo) at +50 inV. The mean values of Q(NPo) were 
3.9 ± 0.4 (Mg2+; n = 3), 4.2 _ 0.6 (spermine; n = 6), 
and 4.9 _+ 0.5 (spermine plus Mg2+; n = 3) (Figure 7C, 
bottom). This is consistent with the notion that the potentia- 
tions by spermine and Mg 2+ involve a similar mechanism. 
Discussion 
Four Effects of Extracellular Mg 2+ on NMDA 
Responses Can Be Distinguished 
Our experiments indicate that Mg 2+, Ca 2÷, and Ra 2+ all in- 
crease the affinity of the NMDA receptor for glycine. This 
increase was observed in all the receptors tested, We 
therefore confirm the observations of Wang and MacDon- 
ald (1995) on the effect of Mg 2+ and those of G u and Huang 
(1994) on the effects of Ca 2+. The effect of Ba 2* on the 
affinity of glycine was not seen by the latter authors, proba- 
bly because it was masked in their experiments by two 
opposing effects: a reduction of the elementary current 
and a reduction of NPo. 
A second effect common to Mg 2+, Ca 2÷, and Ba 2. ob- 
served in all the receptors studied is a reduction of the 
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Figure 7. The Spermine Site Mediating Glycine-lndependent Potentiation of the NMDA Response May Be Shared by Mg ~+ 
(A) Absence of Mg 2+ potentiation in receptors containing the exon 5 in the NR1 subunit. NRI-lb/NR2B receptors were expressed in HEK cells, 
and the responses were induced by applying a 2 s pulse of glycine at a saturating concentration (10 :aM) upon an NMDA background (30 ~tM). 
Each trace is an individual response. The decrease in size of the current recorded in 10 mM Mg 2+ (x 0.63) can be explained by the reduction of 
the single-channel current induced by Mg 2÷. Note the slowing of the glycine off-rate in Mg 2÷. Holding potential was +50 mV. 
(8) Partial relief by Mg 2+ of proton inhibition of NMDA responses. The curves show the pH sensitivity of NRI-la/NR2B receptors expressed in 
Xenopus oocytes, in the absence (n = 7) and presence (n = 6) of 2 mM Mg 2+. The data were fitted with the equation y = ym,x (1 - 11/[1+(IC~o/ 
10 P")°]',), where n is the Hill coefficient and y is the relative current, y for the control trace was normalized to 1 at pH 7.3; the Mg 2. curve was 
then scaled to have the same ymax as the control curve. The ICs0 value and Hill coefficient were estimated as 7.41 and 1.7, respectively, in Mg2+-free 
solutions, and 7.17 and 1.6 in 2 mM Mg 2+. Oocytes were voltage clamped at -25 mV. Glycine (100 raM) and L-glutamate (100 #M) were applied 
at saturating concentrations. For low pH values, error bars are within the points. 
(C) The potentiations produced by spermine and Mg 2÷ are not additive. Upper panel: voltage ramps were applied in Xenopus oocytes expressing 
NR1 -la/NR2B receptors, in control conditions or in the presence of 3 mM spermine and 10 mM Mg 2+ applied separately (thin traces) or simultaneously 
(thick trace). Leak currents were subtracted from those obtained during the application of 100 #M L-glutamate and 100 #M glycine. Lower panel: 
the potentiating factors (Q(Npo)) in Mg ~÷ or spermine, and in the presence of both Mg 2+ and spermine, were obtained by dividing the macroscopic 
current changes obtained at +50 mV by the corresponding decrease of the single-channel currents (see text). The mean values of Q(NPo) were 
3.9 _+ 0.4 (Mg2+; n = 3), 4.2 _+ 0.6 (spermine; n = 6), and 4.9 _+ 0.5 (spermine plus Mg2+; n = 3). The three mean values are not significantly 
different (p > .05, F test). 
elementary current measured at positive potentials. In the 
case of Mg 2+, this reduction is distinct from the residual 
voltage-dependent flickering block by Mg 2+, which is ob- 
servable at positive potentials as infrequent, brief interrup- 
tions of the elementary current. It probably involves a simi- 
lar mechanism as the single-channel current reduction 
produced by Ca 2+ and Ba 2+ (Jahr and Stevens, 1987, 1993; 
Ascher and Nowak, 1988). This mechanism remains to 
be established. In the case of Ca 2+ and Ba 2+, Ascher and 
Nowak (1988) proposed that the reduction resulted from 
the screening of surface charges, an interpretation which 
predicts that Mg 2+ should mimick the effects of Ca 2+ and 
Ba 2+ at positive potentials. In contrast, Zarei and Dani (1994) 
have proposed that the effects of Ca 2+ and Ba 2+ seen at 
positive potentials are the same as those seen at negative 
potentials and are due to "channel block by permeant 
ions," Ca 2+ binding at the "permeant ion binding site" with 
a higher affinity than monovalent cations (see also Jahr 
and Stevens, 1993). This interpretation can account for 
the effects of Ca 2+ and Ba 2+ on the elementary current, 
but to extend it to the effects of Mg 2+ observed at positive 
potentials, one has to assume that the "permeant ion bind- 
ing site" also binds Mg 2+. Therefore, this site would have 
to be situated between the bulk solution and the external 
Mg 2+ blocking site and not, as was proposed by Zarei and 
Dani (1995) in their most recent model, deeper in the chan- 
nel than the Mg 2+ blocking site. The hypothesis in which 
Ca 2+, Ba 2+, and Mg 2+ act at an external superficial site 
is thus the simplest explanation of the reduction of the 
single-channel current produced by these divalent cations. 
The third effect of Mg 2+ is a potentiation that is mimicked 
by neither Ca 2+ nor Ba 2÷ ions, appears to be largely voltage 
independent, and is subunit specific. This specificity was 
first observed by comparing NRI - la /NR2A and NRI - la /  
NR2B receptors. Since one of the differences between 
these receptors is the lower affinity of NR I - la /NR2A re- 
ceptors for glycine (Kutsuwada et al., 1992; Kuryatov 
et al., 1994) (see Figures 5A and 5B, where the off- 
relaxations are much faster for NR I - la /NR2A than for 
NR I - la /NR2B receptors), a link between the glycine affin- 
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ity and the potentiation by Mg 2÷ was plausible. However, 
in neurons this link could not be established. As seen in 
Figure 3, slow glycine off-relaxations were seen both in 
neurons showing a large potentiation by Mg 2÷ and in neu- 
rons showing a reduced one. More generally, no signifi- 
cant correlation was observed between the amplitude of 
the potentiation by Mg 2+ and the speed of the glycine relax- 
ations (data not shown). Thus, the differences between 
the native receptors must involve more than the exchange 
of NR2B by NR2A, and native NMDA receptors probably 
include more subtypes than just NRI-la/NR2A and 
NRI-la/NR2B. Further studies showed that the subunit 
specificity involved both the NR2 subunit (the presence 
of NR2B is required) and the NR1 subunit (the presence 
of exon 5 is suppressive). This linked the subunit specificity 
of the glycine-independent potentiation of NMDA re- 
sponses by Mg 2÷ not only to that observed with spermine 
but also to that of other positively charged factors such 
as histamine (Williams, 1994) and, to a lesser extent, Zn 2+ 
(the Zn 2+ potentiation is seen only with homomeric NR1 
receptors; see Hollmann et al., 1993). In this respect, the 
absence of potentiation by these factors with NMDA recep- 
tors containing the splice variant (NRI-1 b) of the NR1 sub- 
unit could indicate that the positively charged N-terminal 
insert constitutively potentiates the activity of such recep- 
tors, as proposed by Zheng et al. (1994). 
The three effects of extraceilular Mg 2÷ discussed here 
appear distinct from two other effects of Mg 2÷ previously 
described: the voltage-dependent block by extracellular 
Mg 2÷ and the voltage-dependent block by intracellular 
Mg 2+ (see Ascher and Johnson, 1994). Both blocks are 
Mg 2÷ specific (not mimicked by Ca 2+ and Ba2+), which dis- 
tinguishes them from the effect of Mg 2÷ on glycine affinity 
and the effect of Mg 2+ on the single-channel current ampli- 
tude. Their voltage dependence distinguishes them from 
the (voltage-independent) increase in glycine affinity 
(Wang and MacDonald, 1995) and from the (voltage- 
independent) glycine-independent potentiation (see Fig- 
ure 6C). Consequently, Mg 2+ has at least five sites of action 
on NMDA receptors, four accessible from the extracellular 
side and one from the intracellular side. These five sites 
may explain the complexity of the effects of Mg 2+ on the 
binding of glycine (Marvizon and Skolnick, 1988), on the 
binding of blockers of the NMDA-activated channel (Wong 
et al., 1988; Sacaan and Johnson, 1990), or on the binding 
of NMDA antagonists (e.g., Reynolds, 1994). 
The multiple effects of Mg 2+ on the NMDA receptors 
may also explain some controversial observations on the 
variability of the apparent voltage dependence of the extra- 
cellular Mg 2÷ block (see Strecker et al., 1994). While data 
obtained on recombinant receptors clearly indicate differ- 
ences in the strength of the Mg 2+ block between some 
subunit combinations like NRI-la/NR2A and NRI- la/  
NR2C (Kutsuwada et al., 1992; Monyer et al., 1992), "false" 
subunit specificity could appear. Figure 6 shows that at 
negative potentials Mg 2+ reduces the macroscopic urrent 
more in NRI-la/NR2A receptors than in NRI-la/NR2B 
receptors. This could be interpreted as a difference in the 
voltage dependence of the Mg 2+ block, whereas it is actu- 
ally due to the presence of the glycine-independent poten- 
tiation in the case of NRI-1 a/NR2B. 
Is Mg 2+ the Physiological Agonist 
at the Spermine Sites? 
The similarities between the effects of Mg 2÷ and those of 
spermine on the NMDA receptors are striking. Benveniste 
and Mayer (1993) have shown that three effects of sperm- 
ine can be separated. The first is an increase of the glycine 
affinity, seen in all neurons (Ransom and Stec, 1988; Sa- 
caan and Johnson, 1989; Ransom and Desch~nes, 1990; 
McGurk et al., 1990; Benveniste and Mayer, 1993). The 
second is a voltage-dependent block, again present in all 
neurons, that has been visualized at the single-channel 
level as a reduction of the elementary current recorded 
at negative potentials (Rock and Macdonald, 1992; Ar- 
aneda et al., 1993). The third effect of spermine is a gly- 
cine-independent potentiation (Lerma, 1992; Benveniste 
and Mayer, 1993), the amplitude of which is highly variable 
from one neuron to the next (Benveniste and Mayer, 1993). 
When studied in heteromeric NMDA receptors, this poten- 
tiation was found to be voltage independent (Williams et 
al., 1994), subunit specific (only present in heteromeric 
receptors containing NR2B and supressed by the pres- 
ence of exon 5 in NR1; see Williams et al., 1994; Zhang 
et al., 1994), and associated with a change of pH sensitivity 
(Traynelis et al., 1995). 
Our data indicate a strong analogy between these three 
effects of spermine and the three effects produced by ex- 
ternal Mg2+: the increase in glycine affinity, the voltage- 
dependent block, and the glycine-independent, subunit- 
specific potentiation. This analogy does not imply the 
complete identity of the three Mg 2÷ sites with the three 
spermine sites. The identity may be complete for one site 
and partial for another (e.g., spermine may not enter as 
deeply into the channel as Mg2÷). 
The hypothesis of a competition between Mg 2+ and 
spermine (or spermine analogs) for shared sites has been 
proposed by various authors and tested by some. In the 
case of spermidine, Sacaan and Johnson (1990) obtained 
evidence that the stimulatory effect of 3 mM Mg 2÷ on TCP 
binding could completely occlude the stimulatory effect 
of spermidine. In contrast, Williams et al. (1994) argued 
against a competition between Mg 2+ and spermine, since 
their experiments howed that the glycine-independent 
spermine potentiation was still observed in the presence 
of 1 mM Mg 2÷. However, because the concentration of 
Mg 2+ was below the EC~0 for the potentiation (2 mM; see 
Figure 4A), the two compounds could still have had addi- 
tive effects. Our data (Figure 7C) demonstrate that, when 
both modulators are used at high concentrations, the gly- 
cine-independent potentiations produced are not additive. 
Thus, it is highly plausible that Mg 2+ and spermine com- 
pete with each other under certain conditions. This compe- 
tition would force a reevaluation of the quantitative ffects 
of spermine and its analogs, as well as histamine and 
Zn 2+ (see above), to take into account the effects of Mg 2÷ 
present under physiological conditions. 
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Functional Role of the Glycine-lndependent 
Potentiation 
The g lyc ine- independent  potent iat ion depends  on both the 
extracel lu lar  Mg 2+ concentrat ion  and the subunit  composi -  
tion of the receptor.  
The EC~0 of the relation between the Mg 2÷ concentrat ion 
and the potent iat ion (2 mM) is c lose to the physio logical  
concentrat ion of extrace l lu lar  Mg 2+. This means  that a reg- 
ulation of NMDA receptors by changes  in the Mg 2+ concen-  
tration is theoret ica l ly  possible.  In pract ice,  however ,  the 
var iat ions of the extrace l lu lar  brain Mg 2+ levels are small  
and unl ikely to const i tute a signal.  
Given that the Mg 2+ potent iat ion is speci f ic  to certain 
subunits,  the "funct ional  s ignal"  could be a change of sub- 
unit express ion.  It is known that the subuni t  composi t ion 
changes  dur ing deve lopment  and that subuni ts  are differ- 
ential ly distr ibuted in the brain (see Laur ie  and Seeburg,  
1994; Monyer  et al., 1994; Sheng et al., 1994). The elucida-  
tion of the s igni f icance of the di f ferent ia l  distr ibution of 
receptors requires a full understand ing  of the funct ional  
d i f ferences among the var ious sets of receptors.  Our  ob- 
servat ions add new propert ies  to those prev ious ly  used 
to dist inguish di f ferent NMDA receptors.  In part icular,  they 
show that the receptors  NR1-1 a /NR2A and NRI -1  a /NR2B,  
known to dif fer in their g lyc ine and g lutamate  affinities, 
in their sensit ivity to redox changes ,  and in many other  
pharmaco log ica l  propert ies  (see Kutsuwada et al., 1992; 
Wil l iams et al., 1993, 1994; K6hr et al., 1994; Kuryatov et 
al., 1994; Monyer  et al., 1994; Zhang et al., 1994), a lso 
dif fer in their pH sensit ivity under  phys io logica l  condi t ions 
(in the presence  of Mg2+), despi te  of the fact that in the 
absence  of external  Mg 2÷ they have a s imi lar  pH sensit ivity 
(Traynel is  et al., 1995). This  d i f ference in pH sensit ivity 
could have funct ional  consequences  dur ing the changes  
in extracel lu lar  pH assoc iated with neurona l  activity 
(Chesler  and Kaila, 1992). 
Experimental Procedures 
Primary Neuronal Cultures 
Cortical and diencephalic neurons taken from 15- to 16-day-old mouse 
embryos were cultured for 2-5 weeks as previously described (Ascher 
et al., 1988). 
NMDA Receptor Expression in HEK 293 Cells 
and Xenopus Oocytes 
Plasmid Constructions 
All the cDNAs used were subcloned in the pcDNA3 vector (Invitrogen), 
allowing high level expression of recombinant proteins in transfected 
mammalian cells and, following nuclear injection, in Xenopus oocytes. 
The four NMDA subunit cDNAs were subcloned from the following 
Bluescript-based plasmids: pN60 (Moriyoshi et al., 1991; gift from S. 
Nakanishi) for pcDNA3-NRI-la; pNMDARI-lb (Hollmann et al., 1993; 
gift from J. Boulter)for pcDNA3-NRI-lb; and NR2Aand NR2B (Monyer 
et al., 1992; gift from P. Seeburg) for pcDNA3-NR2A and pcDNA3- 
NR2B, respectively. 
Transfection of HEK Cells 
Human embryonic kidney (HEK) cells were cultured in a DMEM me- 
dium (with L glutamine and 4.5 g/I glucose added) containing 10% 
heat-inactivated fetal calf serum and penicillin-streptomycin (5000 U/ 
ml). Low confluence cells were transfected using the calcium phos- 
phate precipitation method (Chen and Okayama, 1987). Cells were 
cotransfected with a mixture containing NR1 and NR2 cDNAs (ratio 
1:3) and salmon sperm DNA (0.9 #g per 35 mm diameter dish in order 
to obtain a total amount of DNA of 2 I~g per dish). Following transfec- 
tion, HEK cells were cultured in a glutamine-free DMEM/F12 (1:1) 
medium containing 50 p.M D-2-amino-5-phosphonopentanoic acid 
(D-AP5) and 1 mM MgCI2. 
Expression of NMDA Receptors in Xenopus Oocytes 
Preparation of oocytes and nuclear injection were carried out largely 
as described (Bertrand et al., 1991 ). In brief, oocytes were first enzy- 
matically defolliculated ( - 1 hr under slow agitation in an OR2 medium 
containing 1 mg/ml collagenase type II [GIBCO], 84.5 mM NaCI, 5 
mM HEPES, and 1 mM MgCI2; pH adjusted to 7.6 with KOH). After 
collagenase treatment, the oocytes were kept in Barth's medium con- 
taining 88 mM NaCI, 1 mM KCI, 0.33 mM Ca(NO3)2, 0.41 mM CaCI2, 
0.82 mM MgSO,, 2.4 mM NaHCO3, and 10 mM HEPES (pH adjusted 
to 7.6 with NaOH). cDNA injection was performed (1 day after defollicu- 
lation) with an air pressure injection system (Injec+Matic, Geneva, 
Switzerland). Each oocyte was injected with - 20 nl of a NR1 and NR2 
cDNA mixture (respectively at 1.3 and 3.3 ng/~l final concentrations). 
After injection, oocytes were kept at 19°C in Barth's medium supple- 
mented with 50 l~g/ml gentamycin (GIBCO) and 50 I~M D-AP5. 
Recording Conditions 
Neurons and HEK Cells 
Experiments with neurons were performed on nucleated patches (see 
Sather et al., 1992) as well as in the outside-out patch-clamp configu ra- 
tion (Hamill et al., 1981 ). HEK cells were used for electrophysiological 
recordings 24-48 hr after transfection in the whole-cell or outside-out 
configuration (Hamill et al., 1981). In nearly all whole-cell recordings, 
HEK cells were lifted off the chamber floor, allowing more rapid solution 
changes. Soft glass patch pipettes (3-5 MQ) were filled with a solution 
containing 120 mM CsF, 10 mM CsCI, 10 mM EGTA (or 10 mM BAPTA; 
there were no noticeable differences between the two chelators), and 
10 mM HEPES (pH adjusted to 7.2 with CsOH). 
The standard external solution (control solution) contained 140 mM 
NaCI, 2.8 mM KCI, 0.2 mM CaCI2, and 10 mM HEPES (pH adjusted 
to 7.3 with NaOH). High divalent solutions were obtained by directly 
adding MgCI2, CaCt2, or BaCI2 to the standard external solution (note 
that the "10 mM Ca 2÷" solution actually contains 10.2 mM Ca2+). To 
avoid an osmotic effect on the NMDA response recorded from nucle- 
ated patches (see Paoletti and Ascher, 1994), osmolarity was kept 
constant by adding sucrose to the control solution. Drugs were applied 
to the patch by means of a four barrel fast-perfusion system (Sather 
et al., 1992). Solutions flowed continuously by gravity from all barrels. 
In most whole-cell and nucleated patch experiments, glycine was ap- 
plied (for 2 s every 10 s) on a continous background of NMDA (30 
~M). Glycine was applied at a saturating concentration (10 pM for 
neurons, NRI-la/NR2B, and NRI- lb/NR2B receptors and 100 p.M 
for NRI-la/NR2A receptors; see Johnson and Ascher, 1987; Kutsu- 
wada et al., 1992; Kuryatov et al., 1994). For single-channel recordings, 
outside-out patches were continuously perfused with a solution con- 
taining both agonists (i.e., NMDA, usually at 2 ~M, and saturating 
glycine). 
Xenopus Oocytes 
Two-electrode voltage-clamp recordings were made 3-7 days after 
cDNA injection. The standard solution superperfusing the oocytes con- 
tained 100 mM NaCI, 2.8 mM KCI, 10-30 mM HEPES, and 0.3 mM 
BaCI2. The low external Ba 2÷ concentration was used to minimize its 
entry via NMDA channels and the subsequent activation of Ca 2÷- 
dependent conductances. The pH was adjusted by addition of 1 M 
NaOH or HCI. The concentration of HEPES (pKa = 7.5) was 10 mM 
at pH 7.3 and 7.8, 20 mM at pH 8.3 and 6.8, and 30 mM at pH 6.3 
and 8.8. The NaCI concentration was adjusted to maintain a constant 
driving force. As for neurons and HEK cells, the Mg2*-containing solu- 
tions were obtained by adding MgCI2 directly to the standard solution. 
Spermine was directly dissolved in the external solution at the final 
concentration. The volume of the bath in the recording chamber was 
100 id. The rate of perfusion ( -3  ml/min) allowed a complete ex- 
change of the solutions in 2-5 s. Glycine (100 I~M) and L-glutamate 
(1 O0 p.M) were applied simultaneously for 20 s every 2 rain using motor- 
driven valves. When the pH was varied, currents were recorded after 
30-60 s of preincubation at the test pH. The response at each test 
pH was systematically compared with the control responses obtained 
at pH 7.3 before and after the pH change. 
Mg 2~ Potentiates NMDA Responses 
1119 
Voltage and current electrodes were filled with 3 M KCI solution 
and had resistances of 0.5-1.5 M~). 
All experiments were conducted at room temperature (18°C-25°C). 
NMDA and D-AP5 were obtained from Tocris; glycine, L-glutamate, 
and spermine (free base) from Sigma. 
Recording and Data Analysis 
In neurons and HEK cells, whole-cell and single-channel currents were 
recorded using a List EPC-7 amplifier and a Racal FM tape recorder. 
The voltage-clamp current was usually filtered (8 pole Bessel) with a 
corner frequency of 250 Hz for nucleated patch and whole-cell re- 
cordings or 2 kHz for outside-out recordings, sampled at twice this 
frequency, and later analyzed using Strathclyde electrophysiology 
software. For whole-cell recordings, the series resistance (3-8 MQ) 
was partially compensated (50%-90%) and monitored throughout the 
experiment. Single-channel analysis was performed as described 
(Paoletti and Ascher, 1994), except that the openings shorter than 500 
p.s were excluded from the analyis. Single-channel amplitudes (ie,) were 
determined by fitting Gaussian curves to the amplitude histograms. 
The mean open probability was noted NPo, where N is the number of 
channels and Po is the open probability of a single channel. The change 
in open probability (NPo in high divalent solutions or spermine (marked 
test)/NPo in control), noted Q(NPo), was calculated by dividing the 
change in the peak current (I,esJIcoo,,o,) by the change in elementary 
current (i,eJicon,ro~). In this calculation, the residual voltage-dependent 
block by Mg 2+ at positive potentials (observed with millimolar concen- 
trations of Mg 2+ as brief, infrequent interruptions of the elementary 
current; not observed in Figure 4C due to the filtering of the high 
frequencies for the illustration) was neglected, since even for the low 
estimate of the electrical depth of the Mg~+-binding site (5 = 0.7), the 
reduction of the macroscopic urrent by 10 mM Mg 2+ at +50 mV should 
not be more than 6% . 
Currents from oocytes were recorded using a Warner Instrument 
OC-725 amplifier and pCLAMP software (Axon Instruments). Currents 
were usually filtered at 500 Hz (8 pole Bessel). For the construction 
of individual pH-response curves, currents were normalized to the 
responses obtained at pH 7.3. Current-voltage curves were obtained 
with slow voltage ramps (2 s duration) from -70 to +50 inV. To evaluate 
the Mg 2+ potentiation as a function of membrane potential (see Figure 
6C), the overall voltage dependence of the multiple Mg 2+ effects (gly- 
cine-independent potentiation, reduction of single-channel currents, 
and Mg 2÷ block) was obtained for each receptor by dividing the current 
in the presence of Mg 2~ by the current in its absence (IMg/10). This 
relationship can be formalized as IMg/10 = iuJi0 x B(V) x P(V), where 
IMg and 10 are the macroscopic urrents in the presence and absence 
of Mg 2., respectively, i~g and io are the single-channel currents in the 
presence and absence of Mg 2+, and B(V) and P(V) are the functions 
describing the voltage dependencies of the Mg 2+ block and Mg 2+ poten- 
tiation, respectively. We assume that B(V) is identical for NRI-la/ 
NR2A and NRI-la/NR2B (see Kutsuwada et al., 1992), that iMJi0 is 
identical for the two receptors (at least at + 50 mV; see Results), and 
that the receptor NRI-1 a/NR2A is not potentiated by Mg 2+ (see Figure 
5). If these assumptions are valid, then the value of P(V) for NRI-la/ 
NR2B is given by the ratio (IMJIo)NRI-la/NR2B/(IM~JI0)NRI-la/NR2A. 
Unless otherwise specified, error bars represent the standard de- 
viation. 
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